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Summary. Analysis by enzyme-linked immunosorbent assay showed that Rice
tungro bacilliform virus (RTBV) accumulated in a cyclic pattern from early to late
stages of infection in tungro-susceptible variety, Taichung Native 1 (TN1), and
resistant variety, Balimau Putih, singly infected with RTBV or co-infected with
RTBV + Rice tungro spherical virus (RTSV). These changes in virus accumula-
tion resulted in differences in RTBV levels and incidence of infection. The virus
levels were expressed relative to those of the susceptible variety and the incidence
of infection was assessed at different weeks after inoculation. At a particular
time point, RTBV levels in TN1 or Balimau Putih singly infected with RTBV
were not significantly different from the virus level in plants co-infected with
RTBV + RTSV. The relative RTBV levels in Balimau Putih either singly infected
with RTBV or co-infected with RTBV + RTSV were significantly lower than those
in TN1. The incidence of RTBV infection varied at different times in Balimau Putih
but not in TN1, and to determine the actual infection, the number of plants that
became infected at least once anytime during the 4 wk observation period was
considered. Considering the changes in RTBV accumulation, new parameters for
analyzing RTBV resistance were established. Based on these parameters, Balimau
Putih was characterized having resistance to virus accumulation although the
actual incidence of infection was >75%.
Introduction
Rice tungro bacilliform virus (RTBV) together with Rice tungro spherical virus
(RTSV) causes tungro [10], one of the most destructive diseases affecting rice
in Southeast Asia. The disease is complex involving two distinct viruses and is
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transmitted efficiently by the green leafhopper Nephottetix virescens. RTBV is a
pararetrovirus belonging to “RTBV-like” genus of the family Caulimoviridae [18]
with a genome consisting of circular double-stranded DNA of 8-kbp encapsidated
in bacilliform particles [9, 10, 13, 17]. RTSV is a plant picornavirus of the
Waikavirus genus having a genome of single-stranded polyadenylated (+) sense
RNA about 12 kb, encapsidated in polyhedral particles [10, 16, 21, 24]. The two
viruses interact at the level of virus transmission. The leafhopper vector transmits
RTSV independently of RTBV, however the transmission of RTBV requires the
presence of RTSV. In order to transmit RTBV, the leafhoppers have to feed
on RTSV infected plants [11]. Plants express different severity of symptoms
depending on whether they are singly infected with either RTBV or RTSV or
with both viruses together. Plants infected with both viruses show severe tungro
symptoms such as stunting, yellow-orange leaf coloration, and reduced tillering
[10, 12]. RTBV singly infected plants show similar but milder symptoms and those
infected with RTSV alone show only mild stunting. This indicates that, as well as
interacting in virus transmission; the two viruses interact in aspects involved in
symptom expression.
The deployment of varieties with virus resistance is considered as one of the
practical approaches for tungro management. Thus, the aim of tungro-resistance
breeding is to develop varieties with resistance against both viruses. Since, there
are limited sources of resistance to both viruses in rice germplasm, the aim is to
develop resistance at least against one virus. Later, when resistances are obtained
against both viruses they can be combined into one variety. It is thus important
to characterize any source of resistance specifically for its resistance against each
of the two virus components and then against both viruses together. Varieties
with different kinds of resistance as well as different resistance mechanisms
may require different breeding and deployment strategies. However, it is difficult
to characterize virus resistance because of the complex nature of the tungro
disease, particularly resistance against RTBV. Although, it is now possible to
determine resistance specifically against RTBV by agroinoculation, which allows
the infection with RTBV alone without the use of the insect vector and the presence
of RTSV [6, 23], the dynamics of RTBV infection that include the changes
in the pattern and level of virus accumulation in plant and their relationship
with symptom severity are not yet understood. In addition, it is necessary to
understand the changes in virus accumulation as affected by the resistance of the
host genotype. The knowledge of the dynamics of RTBV infection would serve
as a basis for selecting parameters and for designing appropriate methods for
analyzing RTBV resistance.
The nature of any interaction between RTBV and RTSV at the later stages
of the infection cycle after virus transmission is not understood. Studies have
shown that in mixed infection, two unrelated viruses can interact resulting in
increased accumulation of one or both viruses. For example, the concentration of
Potato virus X increased when co-infected with potyviruses such as Potato virus
Y, Tobacco vein mottling virus and Tobacco etch virus [25, 26]. In the case of corn
lethal necrotic disease, the accumulation of co-infecting viruses, Maize chlorotic
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mosaic virus and Wheat streak mosaic virus, increased considerably compared to
that in singly infected plants [20]. If RTBV and RTSV interact similarly, then it
must be considered in the way resistance is to be analyzed.
We studied the dynamics of RTBV infection in a tungro susceptible, TN1, and
a resistant variety, Balimau Putih, using agroinoculated plants singly-infected with
RTBV. RTBV infection was studied in terms of changes in virus accumulation
with time analyzed by Enzyme linked immunosorbant assay (ELISA), which was
expressed as the pattern and level of RTBV in the plant analyzed based on viral
coat protein and in terms of incidence of infection. The effect of RTSV on RTBV
infection was analyzed by comparing virus accumulation in plants singly infected
with RTBV and those co-infected with RTSV.A similar experiment was conducted
using insect-inoculated plants to determine if similar dynamics of RTBV infection
occurred in plants when virus is transmitted naturally by the insect vector. In this
paper, we show that the level of RTBV accumulation and incidence of infection
changed with time. Based on this finding, we present an improved method of how
RTBV resistance can be analyzed.
Using this method, Balimau Putih was characterized for its resistance to RTBV.
Materials and methods
Test varieties and experimental set up
Two rice varieties were used: TN1, susceptible to both RTBV and RTSV, and Balimau Putih.
Balimau Putih is not characterized for its resistance to RTBV but it is classified as having
tolerance to RTBV infection in which infected plants exhibit only mild symptoms and stunting
with no yellowing and less yield reduction [5, 8]. Although infection of Balimau Putih by
RTBV gives low absorbance values by ELISA [2, 8], the relative level of the virus in plants
and other resistance characteristics have not yet been determined. The study was carried
out with two experimental systems, referred to as agroinoculation and insect inoculation
experiments as described below. Seedlings of each variety were grown and inoculated 14
days after sowing. To ensure the homogeneity of the test plants, the seeds of either TN1 or
Balimau Putih came from the same seed lot obtained from only one plant. In each system,
both TN1 and Balimau Putih were inoculated with either RTBV alone or co-infected with
RTBV + RTSV. Both agroinoculation and insect inoculation experiments were laid out in a
completely randomized design (CRD) using 25 plants for each variety and infection type
(singly-infected with RTBV or co-infected with RTBV + RTSV) in 5 replications of 5 plants
each. Uninoculated plants served as healthy control samples. Insect-inoculated plants were
maintained in the IRRI Greenhouse while those that were agroinoculated were maintained
at the Containment Facility at IRRI, each under natural lighting conditions and temperature
ranging from 27–29 ◦C.
Agroinoculation experiments
The RTBV agroinoculation method followed the procedure described earlier (see [23]). To
produce plants infected with RTBV alone, each healthy seedling of TN1 and Balimau Putih
was agroinoculated by injecting the base of rice stem with a suspension of Agrobacterium
GV3850 carrying a cloned construct of the RTBV Philippine isolate. To obtain RTBV agroin-
fected plants co-infected with RTSV, one day before the plants were agroinoculated with
RTBV, RTSV was insect inoculated to each test seedlings as described below. The use of the
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non-tumor-inducing strain Agrobacterium GV3850 for agroinoculation of RTBV at IRRI is
under the permit granted by the National Committee on Biosafety of the Philippines.
Insect inoculation experiments
The virus sources were TN1 plants infected with both RTBV and RTSV or with RTSV
alone. RTBV-infected IR 26 served as a virus source for transmission of RTBV alone. For
the transmission of both tungro viruses, newly emerged adult leafhoppers were confined on
RTBV + RTSV infected plants for 3–4 days, then viruliferous leafhoppers were allowed to
feed on each healthy test seedling. For the transmission of RTBV alone, leafhoppers were fed
first on TN1 plants infected with RTSV and RTBV for 3–4 days so that they could acquire
the transmission helper factor provided by RTSV. To allow the insects to acquire only RTBV,
they were then transferred to the RTBV-infected source, IR26, which supports RTBV but not
RTSV infection, and fed on the plant for 2–3 days. The insects, thus, transmit only RTBV.
For RTSV transmission, leafhoppers were allowed to feed on source plants infected with
RTSV for 3 days. Before feeding on the RTSV source, they were allowed to feed on healthy
seedlings for 5–7 days to ensure that they were free from RTBV contamination. Immediately
after acquisition feeding, inoculation with tungro viruses was done by confining the healthy
seedlings and the viruliferous leafhoppers (5 insects/seedling) in a mylar cage for 24 h. After
inoculation, the insects were killed using 0.05% cypermethrin (Jardine Agchem, Philippines).
Sampling
For TN1 and Balimau Putih singly infected with RTBV and co-infected with RTBV + RTSV,
samples of the first youngest fully expanded leaf were collected from each of the 25 inoculated
plants at 1, 2, 3, and 4 weeks post inoculation (wpi) and assayed individually for virus infection.
Only those plants that were singly infected with RTBV or co-infected with RTBV + RTSV
were selected for further analysis.
Assay for RTBV and RTSV infection
The inoculated plants were assayed for infection with RTBV or RTSV by double-antibody
sandwich ELISA (DAS-ELISA) using IgG antibody purified from polyclonal antisera to
purified RTBV or RTSV [1]. One set of two Polystyrene ELISA plates (Dynatech) were coated
separately each with 90µl of 0.05 M sodium carbonate coating buffer (pH 9.6) containing
1µg/ml of IgG against RTBV or 2µg/ml IgG against RTSV. The IgG-coated plates were
incubated at 37 ◦C for 3 h. The plates were then washed using 0.02 M phosphate buffer (pH
7.4) containing 0.15 M NaCl and 0.05% Tween 20 (PBS-T) for 3 × 10 min each. Leaf samples
were homogenised in PBS-T at 1:10 sap dilution using a leaf and bud press apparatus (Erich
Pollahne). Then 90µl sap from each sample was loaded into ELISA plate, one sample for each
well in each RTBV or RTSV IgG-coated plate. The plates were incubated at 4 ◦C overnight and
then washed using PBS-T as described above. Extracts from healthy plants and from tungro-
infected plants were used as negative and positive controls, respectively. Ninety µl of IgG-
alkaline phosphatase conjugate in PBS-T was added to the wells at 1/1000 for the RTBV IgG-
alkaline phosphatase conjugate or 1.5/1000 for the RTSV IgG-alkaline phosphatase conjugate,
incubated at 37 ◦C for 3–4 h and then washed using PBS-T. Ninety µl of para-nitrophenyl
phosphate (Sigma) at 1 mg/ml in 10% diethanolamine was added to each well of ELISA
plates containing the samples. Color reaction was allowed to take place for 30 minutes and
was stopped by adding 5µl of 3 N NaOH. The presence or absence of RTBV or RTSV in leaf
extracts was determined by measurement of the absorbance at 405 nm using an ELISA reader
(Dynatech). Testing of samples for both varieties was performed at the same time. Samples
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with absorbance values at 405 nm greater than four times the mean absorbance reading of
healthy samples were considered positive for RTBV or RTSV infection.
Analysis of virus accumulation
The pattern and level of virus accumulation were monitored after inoculation. Plants of each
variety singly infected with RTBV or co-infected with RTBV + RTSV were selected and
virus accumulation was monitored at 1, 2, 3 and 4 wpi. The pattern of virus accumulation
was determined based on absorbance value analyzed by ELISA following the procedure
described above. The level of virus accumulation was analyzed by ELISA following the same
procedure except that samples were analyzed using sap of 100 × dilution. Experiments to
standardize ELISA showed that absorbance values for RTBV increased proportionately with
samples of purified virus preparation ranging from 0.02–0.2µg/ml and with plant sap from a
susceptible variety ranging from 2560–80 × dilution (unpublished). Thus, for samples with
high concentration of virus as in TN1, the sample needed to be diluted. To ensure that the
amount of virus measured was within the range of virus concentration quantifiable by ELISA,
purified RTBV preparations within the range of 0.02–0.2µg/ml were analyzed together with
the sample to serve as standard. For convenience, samples for analysis were diluted 100 ×.
Virus level in plants, assessed by ELISA, was expressed as relative RTBV level (in
percentage) which was computed based on 1) RTBV level at each time point which is the
mean of the absorbance values of 25 plants at 1 wpi, 2 wpi, 3 wpi or 4 wpi and; 2) maximum
RTBV level which is the mean of the highest absorbance of the 25 plants, divided by the mean
of the highest absorbance of the susceptible control variety TN1 singly infected with RTBV
among the observations at 1 wpi, 2 wpi, 3 wpi and 4 wpi. Analysis of variance for relative
RTBV level used IRRISTAT [7]. The difference in RTBV level was determined among virus
levels at different time points; between virus level at each time point and the maximum
virus level; between RTBV-singly infected plants and co-infected with RTBV + RTSV and;
between TN1 and Balimau Putih. Values higher than the least significance difference (LSD)
were considered significantly different.
To determine if similar changes in virus accumulation occurred at later stages of infection,
the pattern of RTBV accumulation was studied using samples from RTBV agroinoculated
TN1 and Balimau Putih collected until 9 weeks post inoculation at weekly intervals. In
addition, to follow the changes in virus accumulation with leaf position, virus accumulation
was determined using samples from leaves of different positions in a tiller. Such experiment
would show whether virus accumulation assessed using leaf samples represented the actual
virus accumulation in plant. For each variety, five plants were collected at each sampling
time. In each plant, three tillers were collected and samples of the 1st, 2nd, 3rd and 4th leaf,
from the top position in a tiller, were analyzed individually by ELISA. For analysis of whole
plant, samples including the 1st, 2nd, 3rd and 4th leaf from the top position and the rest of
the plant tissue in the tiller were pooled and were analyzed by ELISA.
Analysis of incidence of RTBV infection
The incidence of RTBV infection (%) was determined in two ways: 1) incidence at each
time point computed as the number of plants positive for infection in ELISA at 1 wpi, 2 wpi,
3 wpi or 4 wpi divided by the number of inoculated plants and 2) actual incidence of infection
computed as the number of plants positive for RTBV infection at least once either at 1 wpi,
2 wpi, 3 wpi or 4 wpi divided by the total number of inoculated plants. The actual incidence
of infection was determined because in Balimau Putih, the incidence of infection at any
time point did not show the actual number of plants that became infected (RTBV became
undetectable at some time points). Thus, a plant positive for infection at one time could be
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negative at another time. A plant was considered infected once it was positive for infection at
any time point.
Symptom severity
Each infected plant of insect inoculation and agroinoculation experiments was assessed at
2 wpi and 3 wpi respectively for the severity of symptoms based on the Standard Evaluation
System (SES) for tungro [15]. Height reduction was scored as 1–10% height reduction;
11–30% height reduction; 31–50% height reduction and; more than 50% height reduction.
Infected leaves were assessed either as showing distinct yellow orange discoloration or no
leaf discoloration. Other symptoms such as widening of leaf blade, necrosis and appearance
of rusty spots were noted.
Results
Pattern of RTBV accumulation in TN1 and Balimau Putih singly
infected with RTBV and co-infected with RTBV+RTSV
RTBV accumulation was determined in plants singly infected with RTBV or
co-infected with RTBV + RTSV in TN1 and in Balimau Putih. Samples were
obtained from two sets of experiments, one consisting of plants infected with
RTBV by agroinoculation and the other of insect inoculated plants as described in
the Materials and methods. For agroinoculation experiments, plants co-infected
with RTBV + RTSV were obtained by insect inoculation with RTSV one day
before they were agroinoculated with RTBV. For insect transmission experiments,
both RTBV and RTSV were transmitted by insect inoculation. The pattern and
level of RTBV were monitored at weekly intervals by ELISA over a 4 week period
using leaf samples taken from the youngest fully expanded leaf of 25 plants for
each variety and infection type. The experiment was repeated three times.
The pattern of RTBV accumulation was based on absorbance value in ELISA.
In agroinoculation experiments, the mean absorbance of TN1 plants singly in-
fected with RTBV increased and peaked at 2 wpi, decreased at 3 wpi and started
to increase again at 4 wpi (Fig. 1A). In plants co-infected with RTSV, RTBV
accumulated similarly until 3 wpi while at 4 wpi, mean absorbance value continued
to decline. In Balimau Putih that was singly infected with RTBV and co-infected
with RTBV + RTSV, RTBV accumulated in a similar pattern as in RTBV-singly-
infected TN1. In the insect inoculation experiments, mean absorbance value in
TN1 infected with RTBV or co-infected with RTBV + RTSV was already at its
peak at 1 wpi, declined at 2 wpi, increased again at 3 wpi and decreased at 4 wpi
(Fig. 1B). In Balimau Putih that was singly infected with RTBV or co-infected
with RTBV + RTSV, RTBV accumulated in a similar pattern as in TN1 until 3 wpi
(Fig. 1B).
Temporal changes and differences in RTBV levels in plants singly
infected with RTBV and co-infected with RTBV+RTSV
The relative RTBV level was determined based on ELISA using samples from
agroinoculated plants diluted 100 X as described in Materials and Methods. In TN1
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Fig. 1. A representative pattern of Rice tungro-bacilliform virus (RTBV) accumulation over
time as analyzed by Enzyme-linked Immunosorbent Assay using samples from the first
youngest leaf of a tungro-susceptible variety, TN1 and a resistant variety, Balimau Putih.
Plants were either singly infected with RTBV or co-infected with RTBV + RTSV. A In
agroinoculation experiments, plants singly infected with RTBV were agroinoculated with
cloned RTBV DNA of RTBV Philippine isolate; plants co-infected with RTBV + RTSV
were agroinoculated with the same RTBV clone and insect inoculated with RTSV one day
before agroinoculation. B In insect inoculation experiments, plants were insect-inoculated
with RTBV + RTSV greenhouse inoculum
and Balimau Putih, the relative RTBV levels varied at different time points post
inoculation (Table 1). For example, at 2 wpi, RTBV level in TN1 singly infected
with RTBV was significantly higher than that at 1, 3 and 4 wpi. In Balimau Putih
singly infected with RTBV or co-infected with RTBV + RTSV, RTBV level at
2 wpi was significantly higher from that at 21 wpi.
In TN1 singly infected with RTBV, the maximum RTBV level was not sig-
nificantly different from the relative RTBV level at 2 wpi (Table 1). On the
other hand, in TN1 co-infected with RTBV + RTSV and in Balimau Putih singly
infected with RTBV or co-infected with RTBV + RTSV, the maximum RTBV
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Table 1. Relative Rice tungro bacilliform virus (RTBV) levelsx in a tungro-susceptible variety,
TN1, and a resistant variety, Balimau Putih, singly infected with RTBV or co-infected with
RTBV + RTSV
Variety Infection type RTBV levels (%) at different weeks Maximum
post inoculation (wpi) RTBV
level (%)
1 2 3 4
TN1 Singly-Infected 31a(b) 82a(a) 47a(b) 33a(b) 100b(a)
with RTBVy
TN1 Co-infected with 16a(d) 99a(b) 58a(c) 53a(c) 145a(a)
RTBV + RTSVy
Balimau Putih Singly-Infected 9a(b) 10b(b) 1b(c) 7b(b) 20c(a)
with RTBVy
Balimau Putih Co-infected with 4a(c) 11b(ab) 1b(c) 5b(bc) 17c(a)
RTBV + RTSVy
xRTBV level (%) analyzed by Enzyme-linked Immunosorbent Assay (ELISA) computed in two
ways 1) RTBV level at each week post inoculation computed as the mean absorbance among the 25
infected plants at each week over the mean of the highest absorbance among the observations at 1, 2,
3, and 4 wpi in susceptible control variety TN1 singly infected with RTBV and; 2) Maximum RTBV
level computed as the mean of the highest absorbance of samples from 25 plants over the mean of the
highest absorbance of the susceptible control variety, TN1 singly infected with RTBV. In a column,
values with different letters without the parenthesis were significantly different at 5% level of least
significance difference (LSD). In a row, values with different letters in parenthesis were significantly
different at 5% level LSD
yPlants singly infected with RTBV were agroinoculated with cloned RTBV DNA of RTBV
Philippine isolate; plants co-infected with RTBV + RTSV were agroinoculated with the same RTBV
clone and insect inoculated with RTSV one day before agroinoculation
level was significantly different from mean RTBV level at 2 wpi. In TN1 or
Balimau Putih, RTBV levels in singly infected plants were not significantly
different from those in plants co-infected with RTBV + RTSV at all time points
(Table 1). However, if maximum virus level was compared, virus level in TN1 co-
infected with RTBV + RTSV was significantly higher than that of RTBV singly
infected plants.
Relative level of RTBV in Balimau Putih
The relative RTBV level in Balimau Putih either singly infected with RTBV or
co-infected with RTBV + RTSV was significantly lower than in the susceptible
control variety, TN1 (Table 1). In Balimau Putih singly infected with RTBV,
the relative RTBV level ranged from 1–10% at 1 wpi to 4 wpi and 20% based
on maximum level with that of TN1. In RTBV infected plants co-infected with
RTSV, relative RTBV level ranged from 1–11% at 1 wpi to 4 wpi and 17% based
on maximum level.
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Level of RTBV accumulation in relation with tungro symptoms
At 2 wpi, agroinoculated and insect inoculated plants singly infected with RTBV
or co-infected with RTBV + RTSV had 31–50% height reduction except for some
agroinoculated plants co-infected with RTBV + RTSV (Table 2). At 3 wpi, height
reduction was more than 50% in some agroinoculated plants co-infected with
RTBV + RTSV and insect inoculated plants singly infected or co-infected with
RTBV + RTSV. Plants showed distinct tungro symptoms of yellow orange leaf
discoloration at 3 wpi in agroinoculated TN1 singly infected with RTBV and at
2 wpi in insect inoculated plants infected with RTBV alone or with both viruses.
The expression of distinct tungro symptoms was after the virus reached its peak
level in plant.Agroinoculated TN1 plants co-infected with RTBV + RTSV showed
two types of response: one type had distinct symptoms at 2 wpi and the other type
did not show distinct symptoms until 3 wpi. The first type included those plants
that had high RTBV levels at 1 wpi and peak RTBV levels at 2 wpi while the
second type included plants that had peak RTBV levels at 3 wpi.
Pattern of RTBV accumulation at later stages of infection
and changes in virus accumulation with leaf position
Because of the observed changes in RTBV accumulation with time, a separate
experiment was conducted to determine the pattern of virus accumulation at the
later stages of infection using agroinoculated TN1 and Balimau Putih plants.
Thus, RTBV accumulation was observed until the plant reproductive stage (77
day old = 2 weeks before inoculation and 9 weeks post inoculation). At the same
time, because RTBV was not detected after 3 wpi in agroinoculated (or 2 wpi in
insect inoculated) Balimau Putih plants , the question as to whether this reflects
the actual virus accumulation in plant was addressed. To determine if RTBV
accumulated similarly at later stages and if it changed with leaf position, samples
of the 1st, 2nd and 3rd leaf from the youngest were analyzed at weekly interval
from 1 wpi until 9 wpi. In addition, the actual virus accumulation in plant was
based on the analysis of whole plant using pooled samples of 1st, 2nd and 3rd leaf
from the youngest and the rest of the tissue in a tiller.
By ELISA, the mean absorbance values of samples from RTBV singly infected
TN1 using the 1st, 2nd or 3rd youngest leaf and the whole plant sample generally
increased from 1 wpi and reached a peak at 2 wpi, then decreased at 3 wpi. At
4 wpi, it started to increase again until 5 wpi and declined again at 6 wpi. At 7 wpi,
mean absorbance increased again, declined at 8 wpi and increased at 9 wpi (Fig. 2).
RTBV accumulated similarly in Balimau Putih but to lower levels than in TN1.
Within the 9-week period, there were three peaks in absorbance values, which
occurred at 2, 5 and 7 wpi.
Figure 3 shows the changes in virus accumulation with leaf position. For
TN1, virus was detected only in the newly emerged leaf at 1 wpi (NE1), which
was not yet present when plants were inoculated. At 2 wpi, RTBV was detected in
the 1st (NE2-newly emerged at 2 wpi), 2nd (NE1) and in the 3rd leaf
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Fig. 2. A representative pattern of Rice tungro bacilliform virus (RTBV) accumulation until
later stages of infection and as analyzed by Enzyme-linked Immunosorbent Assay using
samples from the first, second and third youngest leaf in a tiller and samples from the whole
plant of a tungro-susceptible variety, TN1 (A) and a resistant variety, Balimau Putih (B),
singly infected with RTBV
(iL1 (iL stands for inoculated leaf, the youngest leaf during inoculation). NE1 had
the highest absorbance, then iL1 and NE2 had the lowest. At 3 wpi, RTBV was
detected in the first four young leaves. The youngest leaf present at inoculation
(iL1) had the lowest absorbance. The leaf that emerged at 3 wpi (NE3) had lower
absorbance than NE2 and NE1. At 4 wpi, the newly emerged leaf (NE4) had lower
absorbance than NE3 and NE2. RTBV accumulated similarly in Balimau Putih.
For a particular leaf, virus accumulation also changed with time. For example in
NE1 of TN1, RTBV increased from 1 wpi, and peaked at 2 wpi, declined at 3 wpi
and 4 wpi.
Temporal changes in incidence of RTBV infection
The incidence of RTBV infection at each time point was determined in agroinoc-
ulation and insect inoculation experiments, computed as the number of RTBV
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Fig. 3. Changes in Rice tungro bacilliform virus (RTBV) accumulation in leaf at different
positions in a tiller and in whole plant (WP) of a tungro susceptible variety, TN1 (values
without parenthesis) and a resistant variety Balimau Putih (values in parenthesis) singly
infected with RTBV. iL3 = third youngest leaf present at inoculation; iL2 = second youngest
leaf present at inoculation; iL3 = the youngest leaf at inoculation; NE1, NE2, NE3, NE4 =
newly emerged leaf at 1 wpi, 2 wpi, 3 wpi and 4 wpi respectively. Values represent the
absorbance readings by Enzyme-linked Immunosorbent Assay; values equal to or higher
than 0.1 were considered positive for RTBV
infected plants over the total number of inoculated plants. In both agroinocu-
lated and insect inoculated Balimau Putih, the incidence of infection changed
considerably with different time points but not in TN1. Results were similar in
RTBV single infections and in plants co-infected with RTBV + RTSV (Fig. 4). In
Balimau Putih, only a few plants were positive for RTBV usually at 3 wpi in most
of the agroinoculated plants or at 2 wpi in insect inoculated plants resulting in a
very low incidence of RTBV infection. For example, in agroinoculated Balimau
Putih singly infected with RTBV, the incidence of RTBV infection was about
65% at 2 wpi, then declined sharply to 5% at 3 wpi. Because of this difference, the
incidence of RTBV infection was computed as the number of plants that became
positive for RTBV either at 1, 2, 3 or 4 wpi over the total number of inoculated
plants. This was referred to as the actual incidence of infection. In TN1, the actual
incidence of infection was close to the incidence of RTBV infection at 2 wpi,
3 wpi and 4 wpi in agroinoculated whereas at 1 wpi until 4 wpi in insect inoculated
plants. However, in agroinoculated and insect inoculated Balimau Putih, the actual
incidence of infection was close to but higher than that of RTBV infection at 2 wpi
in agroinoculated and at 1 wpi in insect inoculated plants respectively.
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Fig. 4. Incidence of Rice tungro bacilliform virus (RTBV) infection based on Enzyme-linked
Immunosorbent Assay at different weeks post inoculation (wpi) using the first youngest leaf
in a tiller of a tungro susceptible variety, TN1 and a resistant variety, Balimau Putih singly
infected with RTBV or co-infected with RTBV + RTSV. A In agroinoculation experiments,
plants singly infected with RTBV were agroinoculated with cloned RTBV DNA of RTBV
Philippine isolate; plants co-infected with RTBV + RTSV were agroinoculated with the same
RTBV clone and insect inoculated with RTSV one day before agroinoculation. B In insect
inoculation experiments, plants were insect-inoculated with RTBV + RTSV greenhouse
inoculum
In a separate experiment using agroinoculated TN1 singly infected with RTBV,
analysis using the 1st leaf, the 2nd, or the whole plant, showed that the incidence of
RTBV infection at each time point did not vary except at 1 wpi (Fig. 5). On the other
hand, in Balimau Putih, incidence of infection varied with leaf position. Using the
first leaf sample, there was no RTBV infection at 21 dpi, however infection was
60% and 40% using the second and the whole plant samples respectively.
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Fig. 5. Incidence of Rice tungro bacilliform virus (RTBV) infection at different weeks post
inoculation (wpi) as analyzed by Enzyme-linked Immunosorbent Assay using samples of the
first or second youngest leaf in a tiller and samples of whole plant of a tungro susceptible
variety, TN1, and a resistant variety, Balimau Putih, singly infected with RTBV
Discussion
In this study we have examined the dynamics of infection and some of the
interactions between the two viruses involved in the rice tungro disease complex,
focussing primarily on RTBV. We have used two systems for infecting plants and
compared virus accumulation in a susceptible with that in a resistant variety and in
singly-infected plants compared with plants jointly infected with RTBV + RTSV.
Generally, RTBV accumulated later in agroinoculated than in insect inoculated
plants in both the susceptible and resistant varieties. RTBV reached its first peak
level at 2 wpi in the agroinoculated plants and 1 wpi in the insect inoculated plants.
The delay in virus accumulation with agroinoculation may be related to the manner
of delivery of the inoculum. Since the insects feed on the vascular tissue, the virus
inoculum is usually delivered directly to the cells where it replicates while by
agronioculation, the inoculum may have to move to the vascular tissues. The dif-
ference was not due to differences in environmental conditions in the greenhouse
where insect inoculated plants were maintained and in the contained laboratory
where agroinoculated plants were maintained. Insect inoculated plants maintained
in the containment laboratory showed similar results as insect inoculated plants
maintained in the greenhouse (unpublished).
Analysis of RTBV infection by ELISA showed that in both the tungro-
susceptible variety, TN1 and the resistant variety Balimau Putih, the level of virus
changed with time in a cyclic pattern. The age of the plant during inoculation
did not also affect the cyclic pattern of RTBV accumulation or delay virus accu-
mulation. Seven-day old insect inoculated seedlings showed a similar pattern of
accumulation as those plants inoculated at 14-day-old (unpublished).
Generally, there were about three cycles of virus accumulation over a 9-week
period after inoculation. The cyclical pattern of virus accumulation appeared
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to continue until the plant reached its reproductive stage. The pattern of virus
accumulation did not change with leaf position with RTBV accumulating in a
similar cyclic pattern using samples of the 1st, 2nd or 3rd youngest leaves. However
at a particular time point, virus accumulation differed with leaf position with
the cyclical patterns in different leaves being out of phase. At 1 wpi, virus was
detected in the newly emerged leaf only, but not in the leaves that had already
emerged during inoculation. From 2 wpi thereafter, the newly emerged leaf at that
time point (youngest leaf in a tiller) had a lower ELISA value than the second
youngest leaf. Virus accumulation measured in the whole plant was similar to
that of the first leaf. Thus, although in agroinoculation and insect inoculation
experiments, the first leaf was sampled, it reflected a closer estimate of the actual
virus accumulation in plant. Considering the differences of virus accumulation
with leaf position, our results indicate that RTBV was not uniformly distributed
in the plant.
The maximum level of RTBV accumulation in a plant depended on the variety
or host genotype, beyond which the virus level declined resulting in a cyclic
pattern of virus accumulation. The pattern of RTBV accumulation in both TN1
and Balimau Putih appeared to resemble the cyclic behavior of viruses such as
Alfalfa mosaic virus in tobacco [14]. This cyclical behavior is thought to be due
to a surveillance mechanism that regulates virus level in plant through a sequence
specific RNA degradation mechanism or gene silencing [14]. Several viruses have
been shown to have suppressors of gene silencing [3] and a cyclical behavior could
reflect a balance between initial rapid virus accumulation due to the suppressor
and the targeted degradation of the viral RNA’s as detected by the surveillance
mechanism. This may be one of the mechanisms by which RTBV is regulated
in the plant but no suppressor of silencing has been shown for any virus of this
group. The cyclic pattern of RTBV accumulation suggests that the regulation of
virus accumulation is independent of the host genotype, however the level at which
virus accumulated in a plant is dependent on the genotype.
Distinct tungro symptoms were observed after the virus reached its peak
level, at 2 wpi in insect inoculated plants and at 3 wpi in agroinoculated plants.
However, when virus reached its peak later in infection, plants expressed only mild
symptoms. Thus, the severity of symptom did not mean that the plant had high
level of virus. These observations showed that the severity of tungro symptom
was related to high levels of virus only early in infection.
The pattern of RTBV accumulation was compared in plants singly infected
with the virus with those co-infected with RTSV. ELISA analysis showed that co-
infection of RTSV as well as the method of inoculation (agroinoculation or insect
inoculation) did not affect the pattern of RTBV accumulation. RTBV accumulation
followed a similar cyclic pattern regardless of the co-infection with RTSV in
TN1 and Balimau Putih infected with RTBV either by agroinoculation or insect
inoculation.
Co-infection of RTSV with RTBV agroinoculated plants seemed to delay
RTBV accumulation in TN1. When individual plants were examined, RTBV
accumulated later in some plants and reached peak level later at 3 wpi. Among
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the insect-inoculated plants singly infected with RTBV and those co-infected
with RTBV + RTSV, RTBV accumulated in almost all of them at the same time.
The delayed virus accumulation in RTBV agroinoculated plants co-infected with
RTSV could not be due mainly to difference in time of virus delivery. For RTBV
agroinoculated plants co-infected with RTSV, RTSV was inoculated one day
earlier than RTBV while in insect inoculated plants, RTBV and RTSV were
delivered at the same time. Even when RTSV was inoculated at the same day
as when RTBV was agroinoculated, similar results were observed (unpublished).
The delay might be due to the need for both viruses to be in the right tissue at the
same time.
Co-infection of RTSV did not increase the level of RTBV accumulation in
TN1 and Balimau Putih when compared at each time point. However, when
the maximum levels were compared, that of RTBV co-infected with RTSV was
significantly higher in TN1 than that of RTBV in singly infected plants; this was
not the case in Balimau Putih. This suggests that the enhanced tungro symptoms in
co-infected plants may be due, at least in part, to an increased RTBV accumulation
resembling the synergism described for other virus combinations [13]. Otherwise,
the enhanced symptom could also be due to the infection of RTSV itself and not
due to increased RTBV level. However, further analysis using more sensitive
methods, e.g. at the DNA level, is needed to confirm this result. Furthermore,
similar analysis must be done for insect inoculated plants. Thus, in virus resistance
assay, if a variety is being tested for resistance to RTBV, then plants should be
inoculated with RTBV alone. Then later, inoculation with both viruses would
show the possible field resistance.
Balimau Putih showed a similar cyclical behavior of RTBV accumulation to
that in the susceptible variety, TN1.Also RTBV accumulated at significantly lower
levels in Balimau Putih than in TN1. At present, Balimau Putih is considered to
be tolerant as infected plants show milder symptoms and less yield reduction.
It appears that Balimau Putih expresses a form of virus resistance characterized
by reduced level of virus accumulation. Plants with this type of resistance are
infectible but the virus reaches only a relatively low concentration. Cytological
studies showed that Balimau Putih had fewer cells containing RTBV than does
TN1. In addition, there were fewer virus particles in an infected cell. [22]. The
reduced virus accumulation may be either due to inhibited virus replication, inhib-
ited movement, or to a sequence specific RNA degradation or gene silencing. Gene
silencing associated with natural virus resistance has already been demonstrated
in Kohlrabi (Brassica oleracea) naturally infected with Cauliflower mosaic virus
[4] and in tobacco infected with a nepovirus [19].
Although earlier studies showed that Balimau Putih has lower absorbance
values than TN1 in ELISA [8] the virus level was not quantified; RTBV was
not detected at later stages except in very few plants [2] and the results did not
show the cyclic pattern of RTBV accumulation. This is the first report to quantify
RTBV level in susceptible and resistant varieties (although expressed as relative
RTBV level only), besides showing the cyclic pattern of RTBV and the detection
of RTBV even up to the reproductive stage (77 day old). This study also shows
Tungro resistance in rice 1481
how RTBV level in plant can be quantified. RTBV level in the resistant variety
was expressed relative to that of the susceptible control variety.
The implications of the temporal changes in RTBV levels in the plant and the
changes in the incidence of infection are particularly useful in selecting the time
of assessment for virus infection (e.g. sampling time). Because RTBV level and
incidence of infection varied at different weeks post inoculation particularly in the
resistant variety, RTBV infection needs to be analyzed over a period of time. Since
one cycle of virus accumulation was completed in 4 weeks, then RTBV infection
can be monitored from 1 wpi until 4 wpi. Currently, tungro resistance assay are
performed at only one time point either at 3 wpi or 4 wpi, which would not reflect
the actual level of virus in plant and incidence of RTBV infection particularly
in the resistant variety. Inoculation can be done either by insect transmission
or by agroinoculation. Although insect inoculation is the natural means of virus
transmission, agroinoculation allows the screening against only one virus strain
or isolate. Agroinoculation also allows the testing of infection due to RTBV itself,
independently of the vector. Thus, resistance can be ascertained whether it is due
to the virus itself and not to the vector alone.
With the understanding of the dynamics of RTBV accumulation, this study sets
the basis for the characterization of RTBV resistance. Based on the level of virus in
the plant, Balimau Putih is considered resistant to RTBV, the type being resistance
to the level of virus accumulation. If based on incidence of infection, Balimau Putih
is considered susceptible since the actual RTBV incidence of infection can reach
more than 75%. Thus, in characterizing varieties for virus resistance, it is always
important to indicate the basis of resistance, e.g. whether based on virus level in
plant or incidence of infection. Knowing the resistance characteristic of variety
against tungro viruses would serve as an important basis for tungro resistance
breeding particularly in designing breeding and selection strategies including virus
resistance assay and in phenotyping breeding lines and gene mapping populations.
It also serves as a basis in designing strategies for deploying any particular kind of
resistance in the field. Knowing the dynamics of tungro infection is also useful in
studying the mechanism of resistance, which is important in identifying targets for
conventional breeding as well as non-conventional transgenic resistance approach.
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